Interactions between transposable elements for insertion in the Drosophila melanogaster genome Using in situ hybridization to polytene salivary gland chromosomes, we have registered the co-occurrences of insertions of the four mobile elements, copia, mdg-1, I and P in the whole genomes of 17 highly-inbred lines of Drosophila melanogaster (the insertions in the centromeric regions were excluded); these elements differ in structure, DNA sequence and profile of developmental transcription. The mdg-1 and P elements tend to avoid each other on the X chromosomes but not on the autosomes; copia and mdg-1, two copia-like elements, show an excess of co-occurrences on the 2L and 3R chromosome arms but not on the X chromosomes. The pairs mdg-1II, Ilcopia, I/P and copialP do not show any kind of interaction. Populational studies are thus necessary to obtain complete accurate information on interactions between transposable elements for their sites of insertion in a genome.
INTRODUCTION
Many organisms ranging from bacteria, insects, nematodes and plants to man carry in their genome numerous families of transposable elements which represent an important source of genetic variability. The molecular analysis of these mobile elements has yielded a great amount of data on their structure, DNA sequence and genomic location. Although the extent to which various elements interact with each other is a central question in understanding their biology, there is still only scarce information on the behaviour of different elements in a particular genome. Differences in DNA structure and sequence of the copia (Emori et a!., 1985) , mdg-1 (a copia-like element; Ilyin, Chmeliauskaite and Georgiev, 1980; Tchurikov et al., 1981) , I (Fawcett et a!., 1986; Di Nocera and Casari, 1987) and P (O'Hare and Rubin, 1983) suggest that these elements may insert in different genomic locations. However, only few and partial data on co-occurrences in location in the Drosophila genome are available at a populational level (Montgomery and Langley, 1983) . Such data are indeed difficult to obtain since the in situ hybridization technique commonly used to precisely detect insertion sites is difficult to handle when differentiating various elements in the same genome. This can be done, however, in highlyinbred lines whose highly-homozygous individuals present no or very low insertion polymorphism for mobile elements (Biémont and Aouar, 1987; Biémont and Gautier, 1987; Biémont and Gautier, 1988 ). Here we have analysed the co-occurrences of insertions of four mobile elements (mdg-1, copia, I and P) in the genomes of 17 highly-inbred lines of D. melanogaster. MATERIALS 
AND METHODS
Seventeen inbred lines of D. melanogaster were initiated from flies randomly taken from a Russian Drosophila population (Biémont and Aouar, 1987) ; they were maintained by one sib pair every generation. At generation 52 each inbred line was analysed for localization of copia, mdg-1, I and P mobile elements in its genome by in situ hybridization of biotinylated DNA probes on giant chromosomes. The DNA was nick-translated with biotinylated 11-dUTP (Rigby et al. 1977; LangerSafer, Levine and Ward, 1982) and used in the in situ hybridization technique as previously described (Biémont, 1986; see fig. 1 for an example of in situ hybridization). For a complete description of the polymorphism of localization of the mdg-1, copia, I and P elements see Biémont (1986) , Biémont and Aouar (1987) , Biémont and Gautier (1988), Biémont, Gautier and Heizmann (1988) . In these works it was found that the mean C. Biémont and C. Gautier copy number per haploid genome of each element on the inbred lines were close and equal to 17.8 for copia, 16.8 for mdg-1, 17.5 for I and 18.6 for P. The P element differed from the other three for variance in copy number and in the distribution of the number of insertion site occurrences. A genomic control of copy number (a compensatory effect among chromosome arms) was detected for copia, mdg-1 and I, but not for P, reflecting the mechanisms of transposition of these elements: a reverse transcriptase for copia, mdg-1 and I, a transposase for P (Biémont and Gautier, 1988; Biémont, Gautier and Heizmann, 1988) . From the precise localisation of insertions of the elements in the inbred lines which were considered as random gametes of the initial population (Biémont and Gautier, 1987) , we estimated that the probabilities that a site observed in the population is heterozygous in one individual were equal to 0.90, 0.86, 0.92 and 0.94 for the copia, mdg-1, I and P elements respectively. Table 1 presents a summary of the occurrences of the insertion sites detected on all the chromosome arms of the 17 inbred lines.
RESULTS
Co-occurrences may refer to two different phenomena (i) there exists chromosomal environment (DNA sequences, local chromatin structure, etc.) suitable for insertion of different element families so that the probability of observing two elements in the same site is increased, (ii) the presence of one element in a site creates a chromosomal environment particularly suitable (or unsuitable) for insertion of another element (facilitation and exclusion phenomenon). We have developed two statistical tests to discriminate between these two possibilities. The main idea of these tests is based on the fact that the first phenomenon increases the similarity between the insertion patterns of the element families considered, even when dealing with two different haploid genomes. Thus a first model tests all similarities between the insertion patterns of two element families; a second model addresses specifically the similarities occurring in a same genome (insertion of two or more elements in the same hybridization site in a given line). So, common insertion sites can be detected by the first model while the second detects facilitation and exclusion events.
The assumption of the first model (the null hypothesis) is that observed insertion sites of an element in a population are randomly drawn from the possible insertion sites. As a decent estimate of the number of sites that can be detected by the in situ hybridization technique we used 400 according to Belyaeva, Ananiev and Gvozdev (1984) ; this number is considerably less than the number of polytene bands but it is of reasonable value when dealing with radio-active probes. Although biotin leads to more precise localizations (see the picture in Biémont and Terzian, 1986, and fig. 1 ) and hence allows more possible insertion sites to be detected, we cannot usually distinguish hybridization sites to different positions within a lettered subdivision, even though each division may contain over 200 kb of DNA; moreover our model 2 takes account of the fact that multiple occupations may arise from the reduced number of sites that can be distin.
guished by the in situ technique; see fig. 2 for an example of multiple insertions detected in the 42B region of the 2R chromosomes. Then, let NA and NB be the respective observed numbers of insertion sites for two A and B elements in the population (constituted by the ensemble of lines), and NAF the number of observed common sites. Since the null hypothesis implies the independency of the two elements, the first test compares NAB to the number of common sites expected when these sites Table 1 Sites of insertion and their occurrences in the chromosome arms of the 17 inbred lines for the elements copia, mdg-l, I and P. only sites with co-occurrences of at least two elements within line or between lines were recorded. are randomly drawn from the 400 detectable ones; NAB follows thus the hypergeometric law C (400; NA; NB). We then calculated the probabilities of the expected number of common sites to be inferior or equal, and superior or equal, to NAB. Note that in this study we did not take into account the insertions in the centromeric regions. As seen table 2 all the associations between P and any other element are highly significant, as is also the association between copia and I. The numbers of interline co-occurrences between these elements are less than expected, i.e., there is a low probability for a P element to be found in sites where other elements can insert. The test is, however, not significant for the pair mdg-1/I suggesting that these elements inserted independently among the bulk of possible and detectable insertion sites, as already reported from the analysis of a mass-mated population (Biémont, 1986) . Note, however, that the probability associated with the pair mdg-1/copia is low though not statistically significant; this means that the insertion pattern of copia is different enough to that of mdg-1, as already observed (Biémont and Gautier, 1988) Co-occurrences may also correspond to insertions of two different elements in the same hybridization site in the same genome. For that to be tested statistical test must address specifically the similarities in insertion patterns occurring in the same genome or, as here, in the same inbred line. One problem with such data, however, is that the number of co-occurrences (MAB) within a line is conditioned by the observed insertion patterns of the elements in the population (the ensemble of lines). The test must then take into account the variability of occupation of each site so as not to confuse true interactions between two elements with artificial co-occurrences due either to sites with a high frequency of insertions (as could result if shared positions were identical by descent because of inbreeding in the initial population; Biémont and Gautier, 1987; Leigh Brown and Moss, 1987) or to multiple occupations arising from the reduced number of sites which can be distinguished by the in situ hybridization method (Montgomery and Langley, 1983) . We considered that when a facilitation (or exclusion) exists, then the associations of insertion sites of two elements within lines are not random but lead to more (or less) co-occurrences than expected when these associations are randomly drawn from the 17! possible ones. Hence, for every pair of elements we considered the true pattern of insertion sites for one element and we permutated the lines for the other element. From the 17! possible permutations, we randomly selected 1000 of them by a computer. From these 1000 runs we determined the total number of co-occurrences expected under the hypothesis of complete independency between the insertion sites. Note that the statistical analysis is free of any untestable biological assumption such as the independency between insertion sites in the population which is considered in other studies (Montgomery and Langley, 1983 ). This calculation was done for all the insertion sites. We then recorded the frequencies of the simulated mean numbers of co-occurrences per line inferior and equal, and superior and equal, to the observed value ( MAB/17). As seen in table 2 (model 2), this analysis reveals that copia and mdg-1 have more sites in common than expected while P and mdg-1 tend to avoid each other. The analysis done on data from each chromosome arm, however, reveals the absence of interactions between mdg-1 and copia on the X chromosome: only the 2L and the 3R chromosome arms had more co-occurrences than expected (table 3) , while mdg-1 and P interacted only on this X chromosome (table 4) . No interaction is revealed for the other pairs mdg-1/I, 1/copia, I/P and copia/P. 
DISCUSSION
The preferential co-occurrences of insertions of copia and mdg-1 can be tested in one of our lines where a genome reshuffling for copia was recently reported (Biémont, Aouar and Arnault, 1987) . At the 52nd brother-sister generation this line had 12 copia insertions, at the 69th generation it had 15 insertions but mostly in sites different from those in generation 52. At generation 52 there were no common insertion sites for mdg-1 and copia, but two sites were common at generation 69 after the reshuffling (Biémont, Aouar and Arnault, 1987) . According to the respective numbers of mdg-I and copia insertions in all the lines, the probability of having co-occurrences of mdg-1 and copia in two sites in this line was 0.06; this low value reinforces the idea that mdg-1 and copia had more insertion sites in common than expected. Moreover, the two common sites observed at generation 69 were new, i.e., they were not observed in the other lines. This strongly argues against the hypothesis that cooccurrences could express a linkage disequilibrium between very close sites. We did not test for higher levels of co-occurrences, since the number of sites in which insertions were seen for three or four elements simultaneously was so low that statistical analysis was not possible. Note, however, that six sites (3F, 33A, 36B, 42A, 42B, 92A) can be targets for the four elements mdg-1, copia, I and P; of these the sites 42A and 42B (see fig. 2 for examples of homologous insertions in the 42B region) have already been reported as capable of bearing many different mobile elements (297, 412, copia, mdg-1, mdg-3, roo; see Potter et a!., 1979; Strobel, Dunsmuir and Rubin, 1979; Pierce and Lucchesi, 1981; Young and Schwartz, 1981; Ananiev et a!., 1984; Belyaeva, Ananiev and Gvozdev, 1984; Biémont, 1986; Biémont and Aouar, 1987; Leigh Brown and Moss, 1987; Montgomery, Charlesworth and Langley, 1987; Biémont and Gautier, 1988) . Such sites may be nests of transposons as proposed in other studies (Gvozdev, 1981) . Montgomery and Langley (1983) have reported a higher than expected rate of co-occurrences of the copia-like elements 412 and 297 in the X chromosome while no interaction existed with the copia element. Since the model they used postulated the independency of the insertion sites, we have analysed their data with our models 1 and 2
and our data with a model 3 which used an approximation of the Montgomery and Langley's statistic. In the model 3 we calculated for every site, and we cumulated over all the sites, the values of the normalized hypergeornetric law that the number of co-occurrences in each site follows. The statistic was then compared to 2, the theoretical threshold of the normal law approximation.
Notice, however, that this normal law approximation may not be good because of the very low values of the parameters of each of the hypergeometric law. As seen in table 2, the co-occurrences mdg-1/copia (on the whole genome) and 297/412 (on the X chromosomes) are detected by all models (although with a probability of only favour insertion of a copia element and forbidden insertion of a P element. This was not expected knowing the DNA sequences and structures of these elements. Indeed, it is generally accepted that mdg-1 and copia, which belong to the copialike elements bounded by 5'TGCA'3, and resemble vertebrate retrovirus proviruses, insert into the chromosome without obvious site specificity (lnouye, Yuki and Saigo, 1984) . This is different to the behaviour of the P element, which, like a prokaryote transposon, inserts with a high degree of location site specificity in the GC-rich consensus sequence GCCCAG (O'Hare and Rubin, 1983) . Although this difference between the two kinds of elements may explain the specific pattern of localization of the P element, as compared to the three other copia, I and mdg-1 elements , this does not satisfactorily explain the avoidance of insertion sites between mdg-1 and P in a same genome.
These two elements appear thus to compete at least for some insertion sites. The absence of any kind of interference for insertion between I and the other elements is compatible with the idea that insertions of the I element seem to have some sequence specificity as a result of preferred target site sequences or of some feature of the adjacent DNA (Fawcett et a!., 1986) .
The existence of interactions between mobile elements is one of the numerous facts that any theory of mobile element dynamics should take into account to accurately explain the ways in which these elements invade and are maintained in natural populations (Brookfield, 1986) . We can also envisage the existence in higher organisms of similar interactions for insertion between integrated forms of retroviruses which have been shown to integrate in a limited number of sites used as targets at very high frequency (Shih, Stoye and Coffin, 1988) . Whether presence of specific elements may limit or favour insertions of proviruses should be of great importance to better understand and eventually control the behaviour of such undesirable elements in our own genome.
